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Introduction
A s the global demand for vegetable-based oil and protein products increases, breeders are faced with the task of developing new and improved oilseed germplasm to expand the current acreage. h e major canola species, Brassica napus (double low erucic and glucosinolate) is adapted to the cool moist northern growing areas of western Canada but has limited use in hotter and drier regions.
Brassica rapa is well adapted to both areas but is lower yielding and is not currently available in an herbicide tolerant form. Although, the development of canola-quality B. juncea will undoubtedly contribute to the expansion of oilseeds in drier regions, B. carinata also has the potential to increase production in these areas. 1 Ethiopian mustard is well adapted to the highland areas of Ethiopia where it is grown for its leaves, which are plucked, boiled, and eaten, and for the edible oil in the seed. h ere is little or no commercial production of this species outside of Ethiopia or neighboring countries. Ethiopian mustard is highly heat and drought tolerant, has good resistance to blackleg disease, 2 resistance to aphids and l ea beetles, 3 relatively large seed size 4 and some accessions are resistant to alternaria black spot. 5 h is species is genetically diverse and has considerable potential as an oilseed crop. [6] [7] [8] With the current interest in biofuels and bioindustrial feedstocks, B. carinata is considered a suitable crop for the production of both ethanol and biodiesel [9] [10] [11] [12] [13] or specialty fatty acids (e.g. VLCFAs -this study). In addition, the seed meal, at er hydrolysis with digestive proteases such as trypsin, chymotrypsin, and carboxypeptidase, has potential as a source of bioactive peptides (antioxidative, hypocholesterolemic, angiotensin metabolism inhibiting). 14 Brassica carinata may also be a good candidate for heavy metal phytoremediation. 15, 16 Although many B. carinata genotypes show good agronomic potential, seed quality is lacking. For example, fatty acid proi les of 66 accessions investigated by Warwick et al. (Table 1) . Furthermore, all germplasm bank accessions examined in this study were found to be high in glucosinolate content with the primary glucosinolate (>95%) being allyl or sinigrin (2-propenyl) ( Table 1 ). Figure 1 shows a comparison in growth phenotype of i eldgrown B. napus with a noticeably bushier B. carinata.
Breeding advances and genetic studies of B. carinata:

Germplasm selection and development
Although its adaptiveness to western Canada has not been extensively studied, a preliminary agronomic evaluation of B. carinata by Getinet et al. 4 indicated that many accessions from Ethiopia were very late maturing and, therefore, not well-adapted to western Canada. Seed yields varied greatly and, on average, B. carinata yielded less than the B. napus check cultivar. 4 In another study, however, the yield of B. carinata cv. S67 was not statistically dif erent from B. napus cv. Westar. 18 Getinet et al. 4 suggested that (Table 2) . Brassica rapa was the earliest to mature at all three locations, while B. juncea and B. carinata were the latest to mature. On average, the seed oil content of the i ve B. carinata entries was lower than the other species but its meal protein content was higher.
In addition to early maturity, breeding lines with very high protein content (>35% on a whole seed basis), relatively large seed size (1000-seed weight >3 g), low i ber content, and both low and high erucic acid contents have been developed.
h e low erucic acid phenotype was i rst introgressed into the species through interspecii c transfer from B. juncea.
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Crosses were made between B. carinata cv. S-67 and Unfortunately, the plant phenotype, even at er six backcrosses to cv. Dodolla, was quite poor. Plants were typically a lighter green color and ot en did not exhibit full fertility (although this was not coni rmed through pollen 
Transformation technologies for Brassica carinata
Among oilseed crop species are several members of the Brassicaceae which are a source of seed oil for food and industrial uses. While conventional plant breeding has contributed signii cantly to improvements in Brassica crop species, additional improvement is limited by the availability of germplasm with the desired characteristics.
To realize the potential of B. carinata as a platform crop for delivery of biofuels, bioindustrial oil feedstocks, edible oils, and for exploitation in molecular farming and phytoremediation, it will be necessary to introduce genes for a variety of characteristics by the application of plant transformation technology. h ere is little doubt that the use of crops such as B. carinata as a source of industrial feedstocks for biofuel and other uses will involve transgenics. 26 h is approach has contributed signii cantly to the improvement of Brassica species in general. [27] [28] [29] Consequently, attention has been focused on the introduction of transgenes to improve such features as resistance to biotic and abiotic stress or in modii cation of seed oil composition, the latter being the focus of the practical examples to follow. Genetic transformation of Brassica in general, has been reviewed previously 27 and since the present review is focused on transformation of B. carinata, only passing reference will be made to the pre-1996 literature.
Most transformation systems for B. carinata rely on
Agrobacterium-mediated infection of explants followed by de novo shoot regeneration. [32] [33] [34] h e ei ciency of transformation varies with explant type and the selection method.
When young stem explants from 7 accessions of B. carinata were screened, transformation ei ciency was only 1.5% as revealed by Southern blot, kanamycin selection and F 1 segregation patterns. 34 Ei ciencies of 30-50% were achieved with cotyledonary petiole explants selected on kanamycin, but only 1-2% when L-phosphinothricine (L-PPT) was the selection agent. 34 Figure 2 shows transgenic B. carinata lines at various stages of development in the growth chamber; transgenics were generated by Agrobacterium-mediated infection of explants according to the protocol of Babic et al. 34 followed by de novo shoot regeneration, transfer to soil and growth to the l owering stage at which time plants were bagged to allow 'seli ng' of seed. Using a similar protocol with kanamycin selection, Chaudhray et al. 33 reported a transformation ei ciency of 22%. Plant regeneration from explants of this species appears to be very ei cient. 34 However, there is still a need to improve the consistency of transformation ei ciency which is inl uenced by a number of factors including, for example, co-cultivation pH and co-cultivation period. 32, 35 h e in planta method of Agrobacterium-mediated transformation 36, 37 has been used in B. carinata with a reported ei ciency of 1.9%. 38 h is is a surprisingly high rate given of infection is not understood. 39, 40 However, this method is very successful for transformation of Arabidopsis and is being used increasingly for Brassica transformation. [40] [41] [42] Rei nement of this protocol for B. carinata transformation is desirable as this will avoid somaclonal variation which frequently occurs during de novo plant regeneration from cul- h e biolistic or particle bombardment method of transformation, wherein DNA-coated particles are shot into plant tissues, is a highly ef ective method. [44] [45] [46] With this method, vectors are not required and it is species and genotype independent. Although fertile transgenic plants were recovered by particle bombarding isolated microspores of B. napus, 47 this has not been extended to B. carinata. Particle bombardment is the most reliable approach for the transformation of plastids. 48 In Brassica species, stable chloroplast transformation has been reported for B. oleracea 49 but with B. napus, transformants were unstable as homoplasmy was not achieved. 50 Since very large amounts of heterologous protein can be produced in the chloroplast, 51 procedures for stable plastid transfomation of B. carinata would be a distinct advantage, especially for molecular farming of bioactive peptides and vaccines as there would be no pollen l ow from transgenics using this method.
Other methods of Brassica transformation: PEG-mediated DNA uptake, microinjection and electroporation, as phenotypically normal and fertile. 55 h e versatility of particle bombardment-mediated direct DNA uptake 46 should be useful for transformation of B. carinata as it facilitates transformation of both plastid and nuclear genomes and has been used to incorporate insect resistance into B. napus.
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Isolated microspore culture systems of B. napus have been used for transformation and the recovery of transgenic plants. 47, 57 Although this system is currently inei cient, it has several advantages over the regular adventitious shoot regeneration system. h e introduced gene can be readily i xed in the homozygous state by chromosome doubling with colchicine. Rei nement of this protocol for B. carinata transformation is desirable as this will avoid cultureinduced changes which frequently occur during de novo plant regeneration from cultured explants. Regeneration is by embryo formation and these embryos usually germinate into plantlets without the need for transplanting to rooting media. Embryos can be induced from several genotypes of B. carinata 58, 59 and this could be a viable system for transformation and regeneration of transgenic B. carinata plants.
In general, future advances in the transformation of
Brassica oilseed species will depend on improvements in both transformation and plant regeneration ei ciencies. h e introduction of single gene traits is likely to be replaced by multi-gene traits involving several genes, artii cial chromosomes and co-transformations. h e incorporation of multiple traits will require modii cation of current methods of transformation. For example, polyethylene glycol (PEG)
is now commonly used for the introduction of artii cial chromosomes into plant cells (protoplasts) but the ei ciency needs to be improved. Although particle bombardment is regarded as the more ei cient method for introducing multiple genes into plant cells, 46 up to 7 genes were introduced into B. napus hypocotyl explants using Agrobacterium tumefaciens. 60 In this case, 73 to 85% of the regenerated plants expressed all 7 genes. h erefore, the transformation method per se may not be a limiting factor for multiple gene transfer into plant cells. Gene 'stacking' or 'pyramiding' will most certainly be required to confer tolerance to complex traits such as biotic and abiotic stresses. 61 To fully exploit the potential of B. carinata as a platform crop, it will be essential to develop an ei cient system for the transfer of single or large sets of genes into the appropriate explant and a system for the recovery of a large enough population of transgenics from which plants with the desired traits can be selected.
Below we describe the successful use of a two-gene stack in manipulation of the metabolic pathway for producing higher erucic acid in B. carinata oil.
Case studies in the application of genetic engineering to enhance seed oil profi les in B. carinata
Very long chain fatty acids: industrial and pharmanutraceutical interest and applications
Very long chain fatty acids (VLCFA) are those that contain more than 18 carbon atoms. h ey are common components of seed oils and plant waxes in a number of plant families including the Cruciferaceae, Limnanthaceae, Simmondsiaceae and Tropaeolaceae. 62 A strategic goal of our research is to modify seed oil composition in the Erucic acid (cis-docosa-13-enoic acid, 22:1 Δ13) (Fig. 3) is the major VLCFA in the seed oil from HEAR B. napus cultivars, accounting for 45-55% of the total fatty acids. 63 Only the seed of Tropaeolum maju s (garden nasturtium) contains more than 75% erucic acid and trierucin as its major triacylglycerol (TAG). 64 (Fig. 5 ).
To our knowledge, all of the VLCFA biosyntheses involve acyl-CoAs as the immediate primers. 97 ,99 h ere is no evidence the Arabidopis KCS + nasturtium KCS, erucic acid increased from 36% (wt/wt) of total fatty acids in non-transformed wild type to as high as 47% (wt/wt) in the T 3 generation (Table 5) . h is represents a net increase of 29% in erucic acid content. Furthermore, oil contents in the transgenic lines were 100-114% of the non-transformed wild type (nt-WT) C90-1163 controls (Mietkiewska and Taylor, unpublished) .
Examining other sources of strategic KCS genes we selected Crambe abyssinica (Fig. 6(c) ). h e seed oil of C. abyssinica is distinct from other Brassicaceaee because of its very high proportion of erucic acid which is up to 55% in native accessions. 66 h erefore, we isolated and functionally lines was consistently observed, and in fact, a few percent better than the greenhouse studies (Taylor, unpublished ) and VLCFAs (6-21%). h us, the possibility of using these silencing approaches to produce prototypic transgenic germplasm of B. carinata with erucoyl-enhanced seed oils was coni rmed.
Accordingly, we have found that over-expression of the KCS from Crambe abyssinica combined with RNAi-FAD2 silencing/reduction in oleoyl desaturation in B. carinata results in an increase in 22:1 in B carinata oils to as high as 58% (wt/wt) in the best T 3 line, a net 22% increase compared to the non-transformed controls 106 (Table 5) . h is coni rms the potency of this double gene technology for re-routing metabolism to enhance erucic acid production in B carinata.
Ultimately, we wish to further modify these high erucic B.
carinata phenotypes to produce very high erucic acid lines with more than 70% 22:1. To reach this next plateau will require that we address a limitation of the lipid bioassembly pathway which severely limits the incorporation of signiicant 22:1 at the sn-2 position on the glycerol backbone of TAGs. h is key biochemical/metabolic bottleneck is created by the substrate limitation of the lyso-phosphatidic acid acyltransferase encoded by the LPAT gene indigenous to all members of the Brassicaceae; these LPATs cannot ef ectively acylate the sn-2 position of LPA to give dierucoyl PA in the Kennedy pathway (Fig. 5 ) the result being that TAGs of the Brassicaceae contain erucic acid at the sn-1 and to a larger extent, the sn-3 positions, limiting the erucic acid content to a maximum of about 66% (wt/wt). As our model, since 2006, we have utilized the generally unsubscribed T. majus (garden nasturtium) seed as a model for cloning and expressing genes essential to the production of trierucin. We have generated a collection of 20 000 ESTs from a library of subtracted developing nasturtium embryo cDNAs, which we will continue to 'mine' to isolate key genes to ef ect trierucin synthesis in B.
carinata. To this end, we recently cloned and characterized an LPAT2 from nasturtium (TmLPAT2) that will catalyze the synthesis of dierucoyl PA in the Kennedy pathway.
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Current experiments underway will re-transform the Crambe KCS+ RNAi FAD2 dual transgene B. carinata line with the TmLPAT2 to try to produce B. carinata prototypes with 70% erucic acid or better. Recently it has been shown that by combining alleles of B. napus related to low polyunsaturated oils with the transgenic co-expression of the L. douglasii LPAT2
and the BnFAE1 (encoding BnKCS), a B. napus line with oil containing just over 70% erucic acid was obtained, clearly a breakthrough.
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High nervonic acid oil
Our goal was to isolate and characterize strategic new genes for high nervonic acid production in Brassica oilseed crops.
To this end, we isolated KCS genes from Lunaria annua (Fig. 6(d) ) and from Cardamine graeca (Fig. 6(e) ) seed oils of which contain signii cant levels of 24:1. Functional expression of these KCSs in B. carinata resulted in strong increases in seed oil nervonic acid proportions. KCS enzyme activity assays indicated that upon using 14 C-22:1-CoA as substrate, the production of 14 C 24:1 from developing seeds of transgenic B. carinata was up to 30-fold higher than the low erucoylelongation activity exhibited by wild type control plants. 109 h e highest nervonic acid level in transgenic B. carinata expressing the Lunaria KCS reached 30%, compared to 2.8% in wild type plants. (Fig. 7) . In addition, the erucic acid proportions in these transgenic lines were considerably lower than that found in native Lunaria oil. However, while showing the functional utility of the Lunaria KCS in engineering new sources of high nervonate oils in the Brassicaceae, the result in terms of functionality of the transgenic oil in nutra/pharma-related formulations was less than desirable because the proportions of erucic acid in the best T 3 lines were equal to, or greater than, that of nervonic acid; 109 traditionally, high erucate B. napus oils are undesirable for human consumption.
In contrast, expression of the Cardamine KCS in B. carinata had a much better outcome in this regard 110 As shown in Fig. 8 , the proportions of 24:1 in the best T 3 transgenic B. carinata lines harboring the Cardamine KCS gene were as high as 45%, while the erucic acid content was less than 7% in many lines. h e best line had a nervonic content of 42.5%
while erucic acid was as low as 5.5%. Of equal importance is the fact that the proportions of the healthy fatty acids 18:2 + 18:3 (ω-6 and ω-3, respectively) totaled about 35% (w/w) of the total fatty acids (Fig. 9) . (Table 6 ). 
Oil content improvements
One of biggest challenges regarding utility of B. carinata as an oilseed crop is its oil content which is typically about 10% lower than that in canola B. napus. Even given the added average seed weight (yield) advantage that B. carinata holds over B. napus, enhancing oil content in B. carinata will be necessary, either through breeding or via transgenic means, to enhance its chances of improving economic return at the farmgate and thereby becoming a new industrial oilseed platform. h ere have been signii cant strides to enhance oil content via breeding as shown in Table 2 . Here we demonstrate the utility of transgene technology to improve this trait in breeding lines of B. carinata. It should be noted that as in the case for the VLCFA work described above, the lines we have used in this endeavor are much earlier versions of breeding lines than those reported in Table 2 ; therefore what we are demonstrating here is the advantage of relative oil content improvements achieved through transgenic experiments. (Table 7) . Other anticipated transgene experiments will involve transformation with a set of DGAT1 (sn-3 acyltransferase) genes from Arabidopsis and T.
majus.
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Prospects and outlook
When considering potential platform crops for the delivery of bio-oils and industrial feedstocks, seed yield, oil and protein content are major considerations. Consequently, the plant must be more ei cient in resource utilization while yield is maximized. B. carinata delivers high yields among the Brassicaceae (2500-3000 kg/ha). Despite this there are other concerns, the major targets for crop improvement being nutrient and water use ei ciencies, resistance to biotic and abiotic stresses, increased biomass and carbon partitioning for increased harvest index. B. carinata is adapted to more adverse growing conditions compared to other oilseed Brassicas. However, it will only be a major contributor to the bioindustrial oil market if oil content can be maximized.
h e available knowledge of Brassica genomics should be used to increase understanding of basic plant biological processes and how these can be modulated for stress tolerance and increased oil yield. h e exploitation of heterosis for increased yield and plant performance will not be possible without a better understanding of the process. Many agronomic traits af ecting plant performance are complex and the use of genomic tools to enhance performance is a major undertaking. Useful genes for quantitative traits such specii cally:
• Plant-produced VLCFA oils provide renewable, biodegradable, non-fossil fuel feedstocks for the production of polymers, plastics, waxes, pharmaceutical and nutraceutical oils.
• For example, it is particularly noteworthy that the same B. carinata high nervonic oil can equally i nd direct applications in polymers, paving substances and surfactants for oil recovery/reclamation products, as well as potential new products for enhancing infant nutrition and i ghting the symptoms of neuro-degenerative diseases.
• B. carinata is well suited to drier southern regions of the province/western Canada.
• Creation of a new crop platform adds genetic diversity, creates a new delivery system for bioindustrial and pharmaceutical oils that do not impact/compete with the food sector, specii cally canola.
• B. carinata requires fewer inputs due to natural resistance to drought and blackleg; more robust architecture means stands are less prone to weediness.
• B. carinata provides the grower with enhanced yield (kg/ ha) compared to other Brassicas (canola) and is therefore an attractive incentive for farmers as it could result in increased returns at the farmgate.
• h e unique characteristics of B carinata meal providing new opportunities as feedstocks for plastics and antigen delivery systems; the utility of both oil and meal are essential for complete utilization of the seed products, providing greater sustainability.
As indicated by the case studies above, B. carinata is well suited for genetic engineering and the generation of transgenics will play a major role in designing this crop for the delivery of bioproducts. h e application of genomic tools and biotechnological methods, notwithstanding the current state of uncertainty over the widespread acceptance of the latter, will allow introduction of a number traits for enhanced crop performance of B. carinata. As a platform crop, value can be enhanced by utilization of the entire crop, including the biomass, storage protein and minor seed components such as tocochromanols (e.g. vitamin E, a natural source of which may act as a better anti-oxidant compared to synthetic sources). 119 As an industrial crop, the potential for outcrossing of B. carinata with other Brassica species should be minimized. h is will require knowledge of pollination biology to develop varieties with the appropriate pollen isolation systems. Besides the VLCFA examples discussed herein, we envision potential for delivery of other specialty molecules including very long-chain wax esters similar to those found in jojoba, and very long chain hydroxy fatty acids like those found in Lesquerella. Recent studies suggest that the oxidative stability of B. carinata oil makes it especially suitable for biodiesel. 13, 120 It will be exciting to watch the evolution of B. carinata as a new industrial bioproducts platform crop in the years to come.
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